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During crude oil spill events, vegetation in marsh environments sequester polycyclic 
aromatic hydrocarbons (PAHs) from the crude oil by partitioning from the air phase through the 
waxy cuticle on the leaf surface. Recent studies from Macondo oil-impacted marshes have 
demonstrated that cycling of low molecular weight petrogenic PAHs occurs through the cuticle 
and other leaf tissue. At present, our understanding of how PAHs travel through the cuticle is 
coarse and limited by grab samples across the entire leaf, which preventing a full understanding 
the dynamics of PAH cycling in this environment. Multiphoton (MP) confocal microscopy 
visualizes the distribution of PAHs that fluoresces between 350 and 390 nm across the leaf tissue 
2-D depth of S. alterniflora and A. germinans. This study uses imaging and the observed 
fluorescence to quantify and compare with GC-MS measurements of specific PAHs. These 
images provide further evidence that the cuticle serves as the entry point of PAHs into leaf 
tissue. Additionally, spike recovery experiments on leaf tissue of S. alterniflora and A. 
germinans were conducted under field conditions to understand the dynamics of PAH cycling on 
leaf tissues with phenanthrene displaying an initial uptake with a decline within a two days. SEM 
imaging revealed the anatomy of the leaf surface with salt glands on A. germinans and ridge 
features on S. alterniflora. The leaf rinse water from both species had similar ion and nutrient 
concentrations with the highest being sodium and sulfate.  Results from this study contribute to 
an understanding of where phenanthrene in transported to within the leaf tissue such as through 
the apoplasm in A. germinans and the symplasm in S. alterniflora. PAHs partitioned more 
readily in the 10ºC isotherm than in the 30°C isotherm in both A. germinans and S. alterniflora. 
Results from this study contribute to an understanding of not only PAH tracking techniques used 
in marshes, but also the timeline needed for effective implementation. 
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Chapter 1. Background and Scope of Study 
Oil spills entering vegetated ecosystems such as coastal salt marshes interact with plant 
surfaces including the waxy cuticle on plant leaves and the underlying epidermal tissues. Little is 
understood about the role wetland plant surfaces play in the recovery of coastal wetlands from 
oil spills. Fluorescence microscopy is a state-of-the-art technology that can be utilized to image 
polycyclic aromatic hydrocarbon (PAH) distribution on vegetative surfaces. This imaging 
measurement can be supplemented by field and laboratory reversible equilibrium studies that 
determine the chemical interactions of PAHs and plant leaves. Combining technologies of visual 
and chemical detection reveals a story of the PAH and leaf interaction. The following studies 
improve our understanding of PAH dynamics in marsh environments that lead to improved 
remediation efforts for oil spill related incidents such as the Macondo (MC252) spill in 2010. 
The goal of this thesis is to help understand the response and remediation required for 
hydrocarbons in crude oil that escape into the environment by determining the amount and 
timing of PAH uptake from the MC252 incident on two common plant species, Avicennia 
germinans and Spartina alterniflora in Barataria Bay, LA. Oil spills like the MC252 incident 
happen throughout the world on small and large scales and it is important to improve 
remediation efforts for such incidents (Zabbey, Sam, and Onyebuchi 2017).  
Confocal fluorescence microscopy uncovers where on the leaves that PAHs accumulate and 
the time in which they remain on the leaf tissue. This imaging technology documents the 
distribution of PAHs across the leaf tissue including specialized tissues such as salt glands on the 
adaxial leaf surface of A. germinans. Partitioning is an important fate process in assessing 
damage to the marsh environment in the aftermath of a spill’s intrusion. Stable isotopic 
experiments conducted in the natural environment and lab-based partitioning isotherms are used 
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to understand PAH fate mechanisms on leaf tissue and cuticle. In addition, geochemical 
measurements, such as nutrients and other parameters, made from field-sampled leaf tissues 
explain the type of microbial environment present. The next sections will go more in depth about 
the MC252 oil spill and PAHs. 
 Oil Spill and PAHs 
In April of 2010, an explosion on the Deepwater Horizon offshore drilling rig led to the 
release of over 200 million gallons of crude oil into the Gulf of Mexico. The oil rig was located 
in the Macondo Prospect in Mississippi Canyon Block 252 (MC252) and the oil spill affected 
numerous coastal ecosystems within the Gulf of Mexico coast (Ramseur 2010; Allan, Smith, and 
Anderson 2012; Camilli et al. 2012). Polycyclic aromatic hydrocarbons (PAHs) from the MC252 
oil spill can still be detected in Barataria Bay, LA (Mohammad 2015; Kassenga 2017; Decell 
2017; Roth and Baltz 2009; Dincer 2012; Khanna et al. 2013; Guerra et al. 2012). PAHs are 
well-known persistent environmental pollutants and listed as priority pollutants, toxic pollutants 
defined in the Clean Water Act, by the United States Environmental Protection Agency 
(USEPA) and the European Union. PAHs are a large class of toxic, mutagenic, and carcinogenic 
organic pollutants found in petroleum hydrocarbons and the primary toxic component in crude 
oil. There are numerous families of PAHs in Macondo crude oil including two-ring alkylated 
naphthalenes, three-ring alkylated phenanthrenes and dibenzothiophenes, and four-ring alkylated 
chrysenes. Within each family or congener group of PAHs, different numbers of alkyl groups are 
present at different positions on the rings. PAH compounds are grouped together by the total 
number of constituents on the rings of naphthalene, phenanthrene or chrysene. (i.e., C1-
naphthalene, C2-naphthalene, C3-naphthalene and C4-naphthalenes). The presence of alkyl 
substitution is typical of PAHs found in petroleum hydrocarbons (termed “petrogenic”). 
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PAHs are persistent in the environmental and have harmful implications such as effects on 
skin, lowering the ability to fight diseases in animals as well as cancerous tumors (Desalme, 
Binet, and Chiapusio 2013; Horstmann and McLachlan 1992; Karlitschek et al. 1998; Li and 
Chen 2014; Marquette 2005; Peter Komp and Michael S. Mclachlan 1997; Wild et al. 2006). In 
coastal environments like marshes, PAHs impact keystone species that form key parts of the 
coastal food chain such as periwinkle snails on S. alterniflora (Mohammad 2015; Zengel et al. 
2016). Human exposure from PAHs mainly occurs through bioaccumulation and bio-
magnification via the food web (Cocco et al. 2007; P. Wang, Wu, and Zhang 2014).  
PAHs are semi-volatile organic contaminants (SVOC) and can partition between aqueous, 
particulate and gaseous phases. Transport can occur in the atmosphere over long distances 
(Desalme, Binet, and Chiapusio 2013; Nizzetto et al. 2014; Schonherr and Riederer 1986). Fate 
processes such as partitioning on soil and plant surfaces, volatilization, photo-degradation, and 
biodegradation affect PAH persistence in the environment. The molecular weight of the PAHs is 
a determining factor on which fate processes occur in nature. The PAHs that have a lower 
molecular weight (i.e. naphthalene and phenanthrene) are more volatile and PAHs with a higher 
molecular weight (i.e. chrysene) are less volatile. PAH contaminated soils mostly contain heavier 
PAHs since they are less likely to partition and volatize from water to air phase. Plant leaves are 
likely contaminated with lighter PAHs since those PAHs are more volatile and able to travel 
through the air phase (Watts, Ballestero, and Gardner 2006).  
PAHs are vulnerable to destruction by photo degradation which is the exposure to UV light 
followed by the breaking of the molecular bonds that make the cyclic benzene rings stable 
(Marquès et al. 2017; XiaoWu and Shao 2017). PAHs are composed of multiple fused benzene 
rings and when the bond structure changes via photolysis, the initial compound is broken into 
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less complex compounds. Similarly, biodegradation occurs when certain bacteria use PAHs as a 
food source and in turn, break down the PAHs into less complex compounds, generally in the 
presence of oxygen (Jackson and Pardue 1998; Shin et al. 2000; Harmsen and Rietra 2018). 
PAHs from south Louisiana crude oil were tested on marsh vegetation to understand their 
interactions. The next section will describe the two plant species of focus for this thesis.  
 A. germinans and S. alterniflora 
Avicennia germinans (black mangrove) and Spartina alterniflora (smooth cord sea grass) are 
abundant along the coastal intertidal zone of the Gulf of Mexico and play an important role in its 
marsh ecology and soil stability. A. germinans and S. alterniflora are both tolerant to saline 
environments and help serve as a buffer from flooding and climate change-induced sea level rise 
and often grow in close proximity with their ecosystems linked through fluxes of carbon and 
other materials (Hogarth 2015; Tomlinson 2016). The leaf tissue is made up of a few distinct 
tissue layers in both plants where the cross section of the leaves have a mesophyll with vacuoles 
inside and towards the surface where there is an epidermis coated by a waxy cuticle, Figure 
1A.1. Cross-section of a leaf (Wild et al. 2006). 
A. germinans leaves are more succulent in nature and retain water with thick cuticle and a 
smaller number of stomata per unit area to reduce water loss (Naskar and Palit 2015). A. 
germinans are flowering dicots that undergo vivipary where the seeds stay attached to the parent 
plant until it breaks out of the seed coat and then the fruit wall before it starts on its own. A. 
germinans also has specialized salt glands that act to extrude excess salt (Tomlinson 2016; 
Drennan et al. 1987).  
To keep the leaves hydrated in a saline environment, oxygen gets into the plants through the 
roots instead of the leaves limiting water loss through the leaves. There are root extensions called 
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pneumatophores with specialized raised pores called lenticels that allow oxygen to get to the 
roots and up through the rest of the plant (Naskar and Palit 2015). The pneumatophores are a 
known structure that waterlogged plants use for gas transfer. In more anoxic environments, more 
pneumatophores are produced (as in this thesis) and in well-aerated soils pneumatophores are be 
absent (Hogarth 2015; Pelozo et al. 2016).  
Some leaves have stomata but fin preliminary studies, we found that stomata were not 
present on every A. germinans leaf. It is possible that environmental constraints or leaf age 
affects the number of stomata present in A. germinans leaves from Port Fourchon, LA. A. 
germinans is pantropical (located in the tropics of both hemispheres) and is the most widely 
distributed of all mangrove genera in terms of latitudinal distribution (Tomlinson 2016; Dodd, 
Afzal Rafii, and Bousquet-Mélou 2000). Different size leaves require varied levels of sunlight. 
Larger leaves can retain more water than smaller leaves that lose more heat from convection, so 
the leaves are positioned at different angles to receive different amounts of light.  
S. alterniflora leaves respond to touch by coiling inward as a finger glides across the top of 
the leaf; they lack stomata and are surrounded by a thin porous cuticle through which gas 
exchange and uptake of minerals take place. Unlike mangroves, seagrasses can take up nutrients 
like ammonia and phosphate through their leaves (Hogarth 2015). 
S. alterniflora has aerenchyma in the plant stems, which are air pockets inside the mesophyll 
along the length of the leaf, instead of stomata or lenticels like in A. germinans. The abaxial side 
of the leaf has deeper set grooves than the adaxial side making it more sturdy as well as 
increasing surface area. Since it is located in the tidal waters, the aerenchyma help the leaves to 
stay afloat and alive while immersed at high tide. The next section with explain the previous 
studies that occurred in the site location about the MC252 oil spill. 
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 Previous Studies in Barataria Bay 
Barataria Bay in Louisiana and the associated coastal headland beaches in Louisiana are 
important field sites for oil spill studies because of the high levels of oil contamination they 
experienced during the MC252 oil spill. After the Deepwater Horizon MC252 oil spill, the 
Environmental Response Management Application, or ERMA, was created mapping many 
features related to the spill. Figure 1A. 2. shows that the red pinpoint of the site location is 
situated in a zone of maximum oil intrusion levels from the MC252 incident. The Caminada 
Headland beach at Port Fourchon, LA is the site chosen for this study at a latitude of 29.166 and 
longitude of -90.093.  The Caminada site is widespread with A. germinans as well as S. 
alterniflora and this study takes advantage of the proliferation of these two plants species. Data 
collection was facilitated by the site’s proximity to Baton Rouge, a simple three-hour drive 
followed by a 1.5-mile walk down the beach. This headland beach is an area of low tidal 
influence with a mean tidal range of 1.17 ft (NOAA 2018). Behind the beach, salt marshes and 
mangrove forests are present.  
Port Fourchon nearby the Caminada headland services 90% of the Gulf of Mexico’s deep-
water oil production and the Gulf of Mexico provides one fifth of the US domestic oil supply 
(Greater Lafourche Port Commission 2018). As a result, the beach and the associated marsh and 
mangrove wetlands is a location of national significance.  
In addition to the natural processes occurring at the site, there has been a marsh-rebuilding 
project in the Caminada Headland sponsored by the Coastal Protection and Restoration Authority 
(CPRA) (Byrnes et al. 2015).  The site was heavily impacted during the Deepwater Horizon spill 
and a number of studies have examined oil at the site (Curtis et al., 2018; Elango et al., 2014; 
Lemelle et al., 2014; Pardue et al., 2014; Urbano et al., 2013). The study site has minimal natural 
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sediment transport but many wetland and beach flora and fauna. A project at the same study site 
was remediation of oiled super sacks from the MC252 oil spill disaster relief covered with sand 
from a rebuild project that once served as an oil protective barrier. The oiled super sacks 
remediation project was completed by Olivia Bramlet from the LSU Pardue research group and 
the buried oil likely did not affect the field studies in this thesis because the buried oil had no 
interaction above the sand surface.  
There is a secondary location specified as Bay Jimmy, LA, located 20 miles northeast of the 
Caminada Headland beach within Barataria Bay, LA. Previous studies have used the pork chop-
shaped island South of Bay Jimmy to measure PAHs after the MC252 oil spill. The closest tidal 
datum from NOAA tides and currents is from the Grand Isle tidal station. Since Bay Jimmy is 
only a small distance inland, the tides were assumed to not be significantly different from the 
Caminada site. Bay Jimmy and Port Fourchon are both located in Barataria Bay, LA. There was 
no pick-up effort in Bay Jimmy post the MC252 oil spill like there was on the Caminada site. 
It is unknown how quickly PAHs travel through the marsh. Previous studies in this lab group 
have detected PAHs in the plants and soil of Bay Jimmy, LA and Elmer’s Island, LA three and 
six years post spill (Decell 2017; Kassenga 2017; Mohammad 2015; Fitch 2016). The main 
PAHs detected were naphthalenes, phenanthrenes and chrysenes. PAH transport and 
accumulation depend on plant lipophilicity (ability to dissolve in fats, oils, lipids and non-polar 
solvents such as hexane and acetone) and chemical Kow, octanol-water partition coefficient 
(Watts, Ballestero, and Gardner 2006). Naphthalenes are a relatively small PAHs with only two 
attached cyclohexane rings or ten carbons. Chrysenes are a heavy PAH and usually of higher 
concentrations in the soils than in the leaves. Phenanthrene is light enough of a compound to be 
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found on leaves and is of interest because it can be detected via fluorescence at about 375 nm 
when the correct detectors are used in two-photon laser confocal microscopy.  
Previous results from our research group and laboratory have found S. alterniflora and A. 
germinans leaf contamination with significant concentrations of alkylated PAHs (Mohammad 
2015; Kassenga 2017; Decell 2017). This thesis uses the same PAH extraction methods in the 
previous study which yields a 70% minimum average recovery (Mohammad 2015). Yasmin 
Mohammad’s study in 2015 found that primarily petrogenic alkylated naphthalenes and 
phenanthrenes were at the Port Fourchon site in 2014. In the current study, the focus is on the 
cuticle and tissue since the surface PAH concentrations in the previous study were so small. 
From Yasmin’s study, four out of five samples from the inland site had C2-naphthalene 
concentration higher in the cuticle than the tissue and, the C2-naphthalene concentration from the 
oiled site were higher in the tissue than the cuticle in the same order of magnitude of 
approximately 4000 ng/g of leaf tissue. It appears that the more oil present results in a higher 
PAH concentration in the tissue of S. alterniflora (Mohammad 2015). Mohammad also sampled 
at Bay Jimmy, LA in the summer of 2013, where the detected PAHs were two, and three-ring 
petrogenic alkylated naphthalenes and phenanthrenes respectively. The difference in Bay Jimmy 
from Port Fourchon results is that the C2-phenanthrenes were dominate and most samples had 
the highest concentrations in the cuticle. Again, in winter of 2014, samples from Bay Jimmy 
were extracted for PAHs and the C1-phenanthrenes were dominant and most of the PAHs were 
found in the leaf cuticle (Mohammad 2015).  
Mohammad also ran an experiment with S. alterniflora from two different locations and 
crude oil in a closed chamber. She tested the PAHs in the air and in the cuticle of the leaves. The 
octanal-air partition coefficient (Koa) for C4-naphthalene was the highest in the naphthalene 
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family and that matched up with the S. alterniflora from Port Fourchon but not in the Vermillion 
Bay S. alterniflora, which had C1-naphthalene as the highest naphthalene derivative. 
In a study run by Kassenga in Bay Jimmy, LA from 2016, the alkylated naphthalenes and 
phenanthrenes were the most abundant PAH compounds with naphthalenes concentration five 
times higher than those of phenanthrenes concentration in S. alterniflora. Evidence from coupled 
measurements in passive samplers and vegetation show that transport of these compounds can 
occur to adjacent marshes via an air route (Kassenga 2017) In December of 2016, C1-
naphthalene was at an average concentration of 7.74 ± 1.95 ug/g on S. alterniflora leaves in the 
marsh of Barataria Bay, LA. Kassenga also found an interesting temporal trend showing that the 
highest concentrations of naphthalenes and phenanthrenes detected in the December samples and 
the lowest concentrations in September however, the cause of the temporal trend is currently 
unknown (Kassenga 2017).  
 Another study from Bay Jimmy within the same research group focused on PAH 
concentrations in A. germinans leaves (Decell 2017). The A. germinans PAH concentrations 
were significantly higher in the tissue with the reasoning that the surface and cuticle contribute 
less than ten percent of the total leaf mass in A. germinans. PAH concentration detected in the 
tissue were significantly higher than in the surface or cuticle therefore we know that the PAHs 
immediately enter the tissue (Decell 2017). The partitioning coefficients for A. germinans and S. 
alterniflora between Kassenga and Decell’s results were compared within the Decell study. The 
plant-air partitioning (KPA) had higher C1 and C2-naphthalene concentrations for S. alterniflora 
and the KPA was higher in C2 and C2-phenanthrene for A. germinans. The partitioning of PAHs 
in S. alterniflora and A. germinans is significantly different possibly due to the difference in 
cuticle thickness, surface boundary layer, cuticle lipophilic properties, chemical affinity and 
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environmental temperature (Decell 2017). The cuticle thickness of S. alterniflora is about 0.5 um 
thin (Maricle et al. 2009). It is a novel discovery that the major source of PAHs in leaves is 




Chapter 2. Visualization of PAHs on Leaf Surface 
 Introduction 
Oil spills are an unfortunate reality in this era of fossil fuel consumption. For the Macondo 
(MC252) spill in 2010, not only was it a large quantity of 3.19 million barrels of oil but, it was 
also its close proximity of 42 miles from the coast of Louisiana that made the largest impact on 
the health of flora and fauna as well as damaging the livelihoods of many people. (Zabbey, Sam, 
and Onyebuchi 2017; Zengel et al. 2016; Roth and Baltz 2009; Tate et al. 2012; Allan, Smith, 
and Anderson 2012; Dincer 2012; Spier 2013). Polycyclic aromatic hydrocarbons (PAHs) are 
semi-volatile chemical compounds in crude oil that move around in the air as a contaminant 
cloud and deposit in the wetlands (Guerra et al. 2012). The wetland plants take PAHs in through 
the leaves acting as a potential sink for crude oil contaminants (Khanna et al. 2013). This chapter 
sought to find the fate and distribution of a particular PAH, phenanthrene, as it enters the leaves 
of two prevalent wetland plants, A. germinans and S. alterniflora. The results yield insight to the 
detailed patterns of PAH accumulation on A. germinans and S. alterniflora leaves using a state-
of-the-art two-photon confocal fluorescence also known as multiphoton (MP) microscopy 
approach that allows the visualization of phenanthrene directly on the leaf surface. 
In the 1930s, Maria Goppert-Mayer proposed the two-photon effect principle which was later 
confirmed by Wolfgang Kaiser in 1961 (Kaiser and Garrett 1961). The principle of the two-
photon effect is when two photons of lower energy (longer wavelength) are simultaneously at a 
focal point where the atoms are excited and fluorescence is emitted and detected. The importance 
of MP technology is that a lower wavelength (higher energy) emission detection can be achieved 
without the use of a concentrating pinhole as is with single photon confocal microscopy. In 
addition, two-photon excitation provides the ability to see up to 200 nm depth and limits light 
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scatter compared to other fluorescence microscopy such as single photon and wide field (Li and 
Chen 2014). 
Using MP microscopy, phenanthrene can be tracked into the depth of leaf tissue. 
Phenanthrene is able to travel through the cell walls of maize and through the cellular cytoplasm 
of spinach displaying apoplastic and symplastic transport respectively (Wild et al. 2006). Using a 
similar methodology, the type of transport was observed in A. germinans and S. alterniflora. In 
S. alterniflora leaves and for all C4
 plant species there is not one common apoplast but, 
apoplastic compartments separated by suberin lamellae (Keunecke and Hansen, n.d.; Botha 
1992; Evert, Eschrich, and Heyser 1977).  
Previous studies have measured PAH quantities in Barataria Bay, LA post oil spill. At three 
years post spill, S. alterniflora leaves had as much as 50,000 ng/g leaf phenanthrene 
concentration (Mohammad 2015). At six years post spill, S. alterniflora leaves had as much as 
2000 ng/g leaf phenanthrenes concentration and A. germinans leaves had as much as 1200 ng/g-
leaf phenanthrenes (Kassenga 2017; Decell 2017). 
In A. germinans, preliminary results from the initial images displayed relatively uniform 
distributions within the interlamellar tissue between epidermal cells below the cuticle. In 
addition, results indicate the transport of PAHs across the cuticle into deeper cell tissues occurs 
quickly or after a few hours of exposure to oil vapors.  
PAH photolysis in water follows first order kinetics and photolysis at a faster rate that when 
absorbed on A. germinans leaf surfaces; therefore the photochemical behaviors of PAHs not only 
are dependent on their molecular structure but also the physiochemical properties of the substrate 
it sorbs to (P. Wang, Wu, and Zhang 2014).  
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The objective of this study is to visualize the distribution of PAHs on the leaf surface of the 
S. alterniflora and A. germinans to determine the type of transport that occurs. In order to run 
this analysis, leaf samples were taken from the testing area in LSU Pardue laboratory to the two-
photon laser confocal microscope at Pennington. The MP microscope was configured by the 
LSU Pardue research group and Dr. David Burk with a new Leica cube which filters for 
phenanthrene detection. Scanning electron microscopy (SEM) images are published for other 
species of Avicennia (Pelozo et al. 2016) but no imaging known to date has been published on A. 
germinans specifically to be able to see the surface structure of the leaf. In Figure 2.4 and Figure 
2.5, the electron micrographs from SEM provide a better visualization of the anatomy of the leaf 
surface. Using MP in conjunction with SEM yields a more complete picture to for a more 
complete picture to understand where PAHs gather in certain areas of the leaf. The SEM requires 
that the leaves be oven dried to get a stable image so, if living tissue is preferred, live tissue 
analysis would best be imaged with Environmental Scanning Electron Microscopy (ESEM). To 
find cuticle thickness, one paper suggests that cuticle thickness can be calculated by dividing 
cuticle weight by the total leaf area (P. Wang et al. 2008). 
2.1.1. Phenanthrene Exposure to A. germinans and S. alterniflora Leaves 
A. germinans and S. alterniflora plants were harvested with permission from a marsh just 
north of Fourchon Beach in Port Fourchon, LA and potted in a greenhouse at LSU using soil 
from the site. Plants were sampled in 2017 and 2018 and watered with a synthetic brackish water 
mixture and a micronutrient mixture every other watering. Plants were located on a segment of 
Fourchon Beach impacted by the Deepwater Horizon oil spill. Cleanup activities on this segment 
ceased in 2014 and the traveling of surface oil still exists on the beach surface.  
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To expose plants to phenanthrene, a chamber setup follows a similar installation from a 
previous study in accordance with laboratory best practices (Wild et al. 2006). A glass thirty-
gallon aquarium with a lid was first cleaned with soap and water and a 50:50 solution of hexane 
and acetone. Aluminum-faced duct tape was used to seal the edges where caulking was present. 
Phenanthrene (30 mg of 99.9%, Sigma-Aldrich) was dissolved in 10 mL of isooctane in an 
amber vial to decrease UV light exposure (Wild et al. 2006). To ensure the least amount of 
damage to the plant cuticles isooctane was used instead of acetone because in a preliminary 
cuticle removal test, isooctane removed the least amount of cuticle (Figure 2A.1). All 10 mL of 
the dissolved phenanthrene was applied to sections of glass paneling with a glass micro syringe 
and the solvent was allowed to evaporate. Potted plants (either A. germinans or S. alterniflora 
plant) were placed in the chambers in either large glass jars or in a plastic container covered in 
aluminum foil. The foil must but used so the plastic containers no not absorb the dosed 
phenanthrene which would affect the amount going to the plant. At the initiation of the study, 
day zero leaf samples were collected from A. germinans or S. alterniflora (two leaves for 
microscopy and two leaves for gas chromatography for three replicates each day) in Teflon 
tubes. Teflon tubes where used to avoid PAH loss. At the initiation of the exposure period, plants 
were placed in the center of the tank and the phenanthrene-contaminated glass panels were 
placed in the tank, leaning on the tank sides with the contaminated side of the glass facing the 
inside of the tank. The lid was placed on the tank and a small fan inserted in to a hole in the tank 
lid to circulate the air through the chamber. Separate experiments were set up for A. germinans 
and S. alterniflora. At 24 hours and 48 hours, the lid was opened and leaves were sampled for 
microscopy and chemical analysis as described below.  
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2.1.2. Chemical Analysis of PAHs 
To measure the PAH concentrations in the cuticle of the leaf, the leaf was swirled in a glass 
jar containing dichloromethane (DCM) until the leaf is just covered (100 mL). The solvent, 
DCM, was then exchanged with 50:50 hexane acetone in a RapidVap Vacuum, N2 Evaporation 
System Model 7910000 (LABCONCO Corporation, Kansas City, MO), first by evaporating the 
DCM from cuticle sample to 1.5 mL at 30 °C, then adding 50 mL of 50:50 hexane acetone which 
was concentrated down to 10 mL at 70 °C. One milliliter aliquot of this 10 mL sample was used 
for analysis by GC-MS. PAH analysis was performed using a Hewlett Packard 6890N gas 
chromatograph equipped with a 5973N mass selective detector. The GC conditions were: 1 µl of 
the sample; DB 5 capillary column (30 m x 0.25 mm x 0.25 µm film), carrier gas (helium) at a 
rate of 5.7 mL/min, temperature program: injector 300°C, detector 280°C, oven temperature: 
45°C for 3 min then increased at 6°C/min to 315°C and held for 15 min.  For each set of 
samples, the QA/QC included blanks, internal standard for each sample and a calibration check 
sample for each run. Once the GC-MS has run on the current PAH method, the data was 
reintegrated in Agilent Chemstation for data quality control and accuracy. The value in ng/uL 
was then multiplied by 1000 to get ng/uL and then multiplied by the reciprocal of the aliquot 
fraction, in this case involved multiplying the final result by 10.  
2.1.3. Imaging Using Two-Photon Laser Confocal Microscopy 
Both intact leaves as well as epidermal peels were used in the imaging process. To prepare 
the epidermal peels, leaves were placed in a beaker containing a mixture of 30% hydrogen 
peroxide and acetic acid (50:50) in a water bath between 80 °C - 100 °C for 12-20 hours until the 
leaves turned white (Jain 1976). The leaves were then rinsed with deionized (DI) water and the 
mesophyll tissue was softly brushed out. It was important to note which was the adaxial and 
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abaxial sides of the leaves as well as the inside and outside of the epidermal peel for analysis 
later. 
For whole leaves, a sterile six millimeter diameter hole puncher was used to punch coupons 
out of the leaves. The circular coupon disks were places in an uncontaminated 50 mm diameter 
cell culture dish with a glass bottom. A few drops of Phosphate Buffer Saline (PBS) was pipetted 
on the leaf coupon and a small glass piece that was specially cut to fit in the 50 mm cell culture 
dish was placed on top to hold the leaf coupon down as flat as possible. 
Imaging was conducted using the Leica TCS SP5 MP at Pennington Biomedical Research 
Institute (Baton Rouge, LA) equipped with a SP680 short pass filter and a BS442 beam splitter 
for BP 320-430 (375/110) to PMT NDD2 and BP 486-506 (496/20) to PMT NDD1. The two-
photon confocal settings to view phenanthrene is known to be at 375 nm (Wild et al. 2006). In 
order to fluoresce alkylated and non-alkylated phenanthrenes the wavelength emission range was 
set between 350 and 390 nm with the laser power at 700 nm (Karlitschek et al. 1998). The high 
voltage photomultiplier tubes non-descanned detector number one (PMT NDD1) and two (PMT 
NDD2) were both set for 800. The lens was a 25.0x0.95 WATER objective (Leica HCX IRAPO 
L).  
The leaves were observed with MP microscopy as well as chemical extraction to compare 
grey values with the actual concentrations. At first, we looked at the whole leaf for three days 
and then repeated the study with cuticle/epidermal peel for six days.  
2.1.4. Image Processing 
For all of the images, the smart gain was set to 703. Some images had artifacts and to remove 
these bright artifacts or outliers the command ‘Remove Outliers’ under the ‘Process’ and ‘Noise’ 
menu was used. In order to be consistent, the same noise would need to be removed from each 
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image if removed at all. Noise on an image is an artifact that can overestimate the mean gray 
value. However, a comparison test was run on the average mean grey value (MGV) for images 
before and after the outliers were removed and the change was not significantly different. In the 
end, the decision was not to remove outliers since it was unnecessary to the statistical outcome. 
The images were already calibrated when the image was captured so there is no need to manually 
calibrate areas would not be as accurate if it was calibrated manually since the human eye is not 
as precise. The average MGV is the intensity of phenanthrene fluorescence. 
The leaves were not flat enough to get a great image on one plane so z-stacks were created 
for the whole section of interest to be analyzed. The z-stack is number of slices or images that 
are stacked the same distances apart in the z-direction so that when stacked can create an almost 
3D image when interpolated. To analyze the z-stacks, the maximum intensity projection (max 
intensity) was chosen as the standard of comparison because, for each pixel in the z-stack, the 
highest intensity value is chosen regardless of where it is located in the stack and the image it 
created was with the pixels that are most “in focus” throughout the whole stack. The issue with 
max intensity could however arise if the image was photo bleached for a number of reasons like 
the laser was on the spot for too long or if the sample was highly contaminated. On day zero of 
the experiment, it is paramount that the MP laser settings were set correctly to account for a 
larger range of intensity on the higher end so that photo bleaching can be avoided.  
Fiji by way of ImageJ is the software used for image analysis. Using Fiji, the image analysis 
method used on the Z-stacks is started by channel separation. Since the focus was on the 
phenanthrene channel (channel two), Image> Color > Split Channels was used and channel one 
was closed out for this analysis. For the channel two window, the maximum intensity projection 
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was created by Image > Stacks > Z project. The start and stop were filled in automatically and 
‘Max Intensity’ was selected.  
Once the Max Intensity Projection was created, a random points macro generated ten points. 
We were only interested in the interlamellar area so if it is not in the interlamellar area, it was 
manually moved to the nearest interlamellar midpoint or in other words equidistance between 
two cells in the priority shown in Figure 2A.3. Points were added to the Region of Interest (ROI) 
manager and the ROI was saved. Point intensities were measured and results were saved from 
the results window. Images were saved as a TIFF or PNG to preserve data integrity. The Look 
Up Table (LUT) was modified for qualitative analysis. The yellow and magenta pseudo-color 
LUT or green and blue LUT is a good choice for color blindness (Ferreira and Rasband 2012). 
 Results and Discussion  
In Figure 2.1d, trichomes were confirmed from a study that described them as “projecting out 
of abaxial surface of leaf-like trichomes (A. germinans).”(Naskar and Palit 2015). Figure 2.1a 
shows the stomata found on A. germinans are about 33 to 43 um apart. S. alterniflora has 
noticeable ridge features (Figure 2.5). S. alterniflora is different from A. germinans because it is 
a monocot with a thin cuticle that can easily transfer nutrients such as phosphate and nitrate.  
A study by Allocca in 2016 describes the mechanics behind the 2-photon confocal 
microscope clearly by using the example of a green fluorescent protein (GFP). In the Allocca 
examples, using the conventional confocal microscopy, the laser emits a higher energy or shorter 
wavelength of 488 nm to excite the GFP molecule to 509 nm. With two-photon microscopy, the 
molecule is excited by two 976 nm (longer wavelength/lower energy) photons. The energy of 
two 976 nm photons is half the energy of one 488 nm and more so is able to focus on a shorter 
and more specific wavelength range (Allocca et al. 2016). Two-photon confocal microscopy has 
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the capability of operating in the near-infrared range of wavelength, which is about 700 nm to 
1400 nm giving a wider range of wavelengths. Advantages in comparison to conventional 
confocal microscopy are reduced scattering, enhanced depth penetration, lower photo toxicity as 
well as the ability to excite multiple fluorescent markers with a single excitation wavelength 
(Allocca et al. 2016). This causes the resultant imaging to be useful for the measurements needed 
in this study since phenanthrene (375 nm) is very easily photodegraded as well as the ability to 
reach further since the leaves in this study are thicker than 200 nm.   
In Figure 2A.2, three panels (left, middle, and right) show two channels that were set for the 
detection with a composite (right). The left panel displays channel one or the plant tissue and, the 
middle shows channel two or the phenanthrene wavelength, and the right panel is a composite of 
channel one and channel two. 
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2.2.1. A. germinans and S. alterniflora Leaf Anatomical Features 
 
Figure 2.1. (a, b) Adaxial (dorsal or top) Confocal Microscopy of the adaxial (top) tissue of a A. 
germinans leaf at two spatial scales. (c, d) Abaxial (ventral or bottom) Confocal Microscopy of 
the abaxial (bottom) tissue of a A. germinans leaf at two spatial scales. Arrow is pointing to a 
trichome or hair-like cell. 
 
a.  b.  




Figure 2.2. Z-stack of an A. germinans salt gland from the bottom (left) to the top (right) of the 
salt gland. (UV and pinhole for Confocal Microscopy) 
 
 
Figure 2.3. A. germinans MP confocal image of stomata [Width:  248.2428 microns (1024 px); 
Height:  124.1214 microns (512 px)], Arrows pointing at stomata. 
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Figure 2.4. Scanning Electron Microscope (SEM) Images of A. germinans. Adaxial (top) side of 
the leaf are in parts A, C & E. Abaxial (bottom) side of the leaf are in parts B, D & F. Parts A 
and B are at 200x magnification. Parts C and D are at 200x magnification. Parts E and F are at 
2500x magnification. 
Adaxial                                      Abaxial 
a.  b.  
c.  d.  
e.  f.  
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Figure 2.5. SEM S. alterniflora ridge picture SEM images of S. alterniflora. Adaxial (top) side of 
the leaf are in parts A and C. Abaxial (bottom) side of the leaf are in parts B and D. Parts A and 
B are both at 65x magnification. Parts C and D are both at 200x magnification.  
Table 2.1. Leaf thickness weight and surface area 
Leaf Averages A. germinans S. alterniflora 
Thickness (µm) 500 – 675 375 - 600 
Weight (g) 0.61 ± 0.2 1.07 ± 0.22 
Surface Area (in2) 1.9 ± 0.67 4.2 ± 1.52 
 
Equation 2.1. Apoplasm Area for Whole Leaf (Apoplasm Area = AA, Surface Area=SA) 
𝐴𝑝𝑜𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝐴𝑟𝑒𝑎𝑊ℎ𝑜𝑙𝑒 𝐿𝑒𝑎𝑓 =
Total Area𝑊ℎ𝑜𝑙𝑒 𝐿𝑒𝑎𝑓 × 𝐴𝑝𝑜𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝐴𝑟𝑒𝑎𝐼𝑚𝑎𝑔𝑒
𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎𝐼𝑚𝑎𝑔𝑒
 
Adaxial                                            Abaxial 
a.  b.  
c.  d.  
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2.2.2. Phenanthrene Distribution on A. germinans Leaf Tissue 
Fluorescence at the phenanthrene wavelength increased in A. germinans leaf tissue over the 3 
day incubation (Figure 2.7). Example imagery from the mid-vein section of the A. germinans 
adaxial leaf shows changes in fluorescence in the apoplast, the space outside the plasma 
membrane consisting of the cell wall. Little or no fluorescence was observed in the interior of the 
epidermal cells of A. germinans. Apoplasm point averages (N=10) of the mean grey values after 
image processing, a measure of the fluorescence, from five  locations on edge or mid-vein 
coupon per day were used to quantify the change in fluorescence (Figure 2.8).  
      
Figure 2.6. Example of an area delineation in ImageJ software. The yellow circle on the leaf is a 
6 mm hole punch diameter and the rectangle inside is to scale for the area enlarged to the right. 
The average MGV in the A. germinans apoplasm increased over time. Concurrently 
measured phenanthrene concentrations extracted from the leaves increased over time. The 
concentration of phenanthrene in the water of the dish that held the cuticles (Figure 2.8c) was 
similar to the day three whole leaf contamination (Figure 2.7 and Figure 2.8a&b). The adherence 
of phenanthrene to the apoplasm strongly suggests that PAHs apoplastic transport in A. 
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germinans (Cavé-Radet et al. 2019; Wild et al. 2006). PAHs are gathering around salt glands; 
cuticle thickness and surface boundary layer may play a role in deposition. 
Linear regressions were run to compare max MGV in different location from A. germinans 
leaves (Table 2.2). The A. germinans mid-vein and the edge had an R2 of 0.9941 and a p-value of 
0.0029 (<0.05) meaning that the model explains a lot of variation within the data and is 
significant. To calculate the maximum phenanthrene that could be in an A. germinans leaf, the 
apoplasm volume was calculated in ImageJ (Figure 2.6). An example delineation of cells from 
the apoplasm shows the relative area of this tissue from symplasm, that area inside the plasma 
membrane. The total area of the image is 5345.78 um2 (103.43 um width x 51.72 um height) and 
the symplasm area after processing is 4167.4 um2. Subtracting the symplasm area from the total 
area yields the apoplasm area of 1182 um2. The surface area of the whole leaf is 1.2x109 um2 ± 
4.3x108 um2. The standard error is from the variation from the measurements of whole leaf 
surface area in SigmaScan (Table 2.1). The interlamellar area for an entire A. germinans leaf is 
2.54x108 um2. To find the total volume of interlamellar tissue, the interlamellar area for an entire 
A. germinans leaf is multiplied by the leaf thickness which is between 500 um and 675 um. The 
interlamellar volume for the whole leaf is between 1.3x1011 um3 and 1.79x1011 um3 
(approximately 22% of the total leaf volume). Magnification can be calculated by dividing the 
image size on paper printout by the actual size. 
Leaf area indices (LAI) of A. germinans in Louisiana are 3.74  0.24 m2 of leaf area per m2 
of marsh surface area (Perry and Mendelssohn 2009). If the apoplasm is ~22% of the leaf area, 
the total potential leaf area for storage of PAHs is 0.82 m2 of leaf area per m2 of marsh surface 
area. On a mass basis, concentrations of individual alkylated PAHs ranged from 1,000-2,000 
ng/g (Decell 2017). If four congener groups of PAHs (C1-and C2-naphthalenes and C1- and C2-
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phenanthrenes) are present and one leaf average weight is 0.61 g, then there will be a total of 
4000-8000 ng/g yielding 2.4-4.9 ug of PAHs with an average area of 12.3 cm2 (0.2-0.4 ug/cm2) 
for each leaf. For an LAI of 3.74 m2 leaf area /m2 marsh area, their concentrations would be 










































Figure 2.7. Representative images from each day (103 um x 52 um) Corresponds to Figure 2.8 a 
& b. 
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a.   
b.  
c.  
Figure 2.8. A. germinans interlamellar maximum intensity projection Phenanthrene accumulation 
over time in mean grey value and phenanthrene concentration ng/g in leaf (a) mid-vein, (b) edge 
(b) and (c) cuticle of the leaf. The concentration in part c is missing because only the water from 
Day 6 was tested in the GCMS, which was 69500 ng/uL. 
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Table 2.2. A. germinans Pearson Correlation Coefficient (Mid-vein and Edge Sections of the 
Leaf and the actual measured concentrations from PAH extraction) 
A. germinans comparisons R2 P-value 
Mid-vein vs Edge 0.9941 0.0029 
Edge vs Actual 0.8818 0.0610 
Mid-vein vs Actual 0.9237 0.0389 
 
2.2.3. Phenanthrene Distribution on S. alterniflora Leaf Tissue 
Parallel chamber exposure experiments were performed on Spartina alterniflora plants 
sampled from the same marsh at Port Fourchon as the A. germinans species. Fluorescence 
consistent with phenanthrene wavelength was observed in S. alterniflora tissue but the change in 
intensity across the leaf tissue was less consistent than observed for A. germinans (Figure 2.9). 
The pattern of fluorescence accumulation in Spartina was different from A. germinans since 
fluorescence accumulated inside the plant cells (symplastic) as opposed to simply the moving 
through the apoplasm. (Figure 2.9).  Symplastic transport has previously been detected in S. 
alterniflora exposure experiments (Cavé-Radet et al. 2019) and these measurements confirm that 
phenanthrene passes through the cell membrane and into the cells themselves.  
Fluorescence detection was more variable in S. alterniflora and using the method of random 
selection of ten points did not produce a statistically significant increase in fluorescence. Figure 
2.10a&b display the MGV inconsistency over time even though the actual concentrations of 
phenanthrene are increasing over time from ~500-9,000 ng phenanthrene/g of plant tissue. The 
cuticle data in Figure 2.10c has a clearer increase in fluorescence although concentration was not 
measured on the cuticle due to the amounts of material available during the experiment. 
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Accumulation of alkylated PAHs in cuticle tissue has been previously reported in experiments 
conducted with Spartina (Mohammad 2015).  
 Leaf area indices of S. alterniflora in south Louisiana have been measured at 2.62  0.18 
m2 of leaf area/m2 of marsh area (Perry 2007). To calculate the total leaf volume, the leaf surface 
area (2709.7 ± 980.6 mm2) is multiplied by the leaf thickness (375–600um) yielding between 
6.48x1011 um3 and 2.21x1012 um3. On a mass basis, concentrations of individual alkylated PAHs 
ranged from 3-8 ug PAH/g of leaf. If four congener groups of PAHs (C1-and C2-naphthalenes 
and C1- and C2-phenanthrenes) were present then there would be about 15.14 ug-PAH/g-leaf. 
With one leaf average weight of 1.07 g, then there will be a total of mass of 16.2 ug PAH with an 
average area of 27.1 cm2 yielding 0.60 ug/cm2 for each leaf. For an LAI of 2.62 m2-S. 
alterniflora leaf /m2-marsh, the concentrations would be 1.57 ug PAH/cm2 of marsh surface area 























Figure 2.9. Representative images from each day. 
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a.   
b.  
c.  
Figure 2.10. S. alterniflora Interlamellar maximum intensity projection Phenanthrene 
accumulation over time in mean grey value and phenanthrene concentration ng/g in leaf mid-
vein (a) and edge (b); (c) S. alterniflora Interlamellar maximum intensity projection 
Phenanthrene accumulation over time in mean grey value in the cuticle of the leaf 
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Table 2.3. S. alterniflora Pearson Correlation Coefficient (Mid-vein and Edge Sections of the 
Leaf and the actual measured concentrations from PAH extraction) 
S. alterniflora Comparisons R2 P-value 
Mid-vein vs Edge 0.2221 0.5287 
Edge vs Actual 0.9192 0.0412 
Mid-vein vs Actual 0.0637 0.7476 
 
Different sections of the S. alterniflora leaf on the mid-vein as well as the edge of the leaf 
were compared with the average MGV. The average MGV for the mid-vein and edge sections of 
the leaf were also compared to the measured concentrations of PAH extracted simultaneously as 
the image analysis (Table 2.3). When comparing the average mean grey value of mid-vein and 
edge locations of S. alterniflora the Pearson’s Correlation coefficient or R2 is 0.2221 with a p-
value of 0.5287 suggesting that they may be similar but with a strong correlation. The edge 
MGV and the actual phenanthrene concentration has a strong correlation, R2 of 0.9192, and a 
low p-value of 0.0412. This demonstrates that the empirical difference between edge- and mid-
leaf is significantly different with the null hypothesis of zero. The mid-vein MGV and the actual 
phenanthrene concentration have a low correlation, R2 of 0.0637, and a high p-value of 0.7476 
which demonstrates that they are not significantly different. However , more data points may be 
needed to show a correlation.  
 S. alterniflora interlamellar does not need to be calculated since phenanthrene can enter 
the leaf via symplastic transport. It would be more appropriate to estimate how much 
phenanthrene can be held by S. alterniflora leaves by calculating the total leaf volume. To 
calculate the total leaf volume, the leaf surface area (4.2 ± 1.52 in2) is multiplied by the leaf 
thickness (375 – 600um) yielding between 6.48x1011 um3 and 2.21x1012 um3. 
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 Conclusion 
Transport types play the primary role in tracking PAHs through marsh vegetation. Two-
photon confocal microscopy allowed observation of different types of phenanthrene transport in 
A. germinans and S. alterniflora. In A. germinans, fluorescence from phenanthrene was 
channeled in between cells in the interlamellar tissue, which supports apoplastic transport. In S. 
alterniflora, fluorescence from phenanthrene is located throughout the interlamellar tissue as 
well as in the intercellular area of which supports symplastic transport. The phenanthrene 
concentrations extracted from the leaves are linear through time where the A. germinans average 
MGV follows a similar trend as the extracted values The S. alterniflora MGV does not follow 
the GC extracted phenanthrene concentration trend. The mid-vein and edge phenanthrene MGV 
differ in A. germinans and not in S. alterniflora. The phenanthrene MGV on only the epidermal 
peel increases over time with both A. germinans and S. alterniflora. Understanding the transport 
types of each plant aided in predicting PAH concentrations in the marsh. For an LAI of 3.74 m2 
leaf area /m2 marsh area, their concentrations would be 0.75-1.5 ug PAH/cm2 of marsh surface 
area (equivalent to 75-150 grams of PAHs per hectare). For an LAI of 2.62 m2- S. alterniflora 
leaf /m2-marsh, the concentrations would be 1.57 ug PAH/cm2 of marsh surface area or 157 
grams of PAHs per hectare. 
 Recommendations 
S. alterniflora would likely yield better differentiation if images from the leaf ridge and 
valley instead of comparing mid-vein vs edge. Mid-vein and edge comparisons worked for A. 




Chapter 3. PAH Interactions with Plant Cuticles 
 Introduction 
Coastal marshes in Barataria Basin, Louisiana were impacted in 2010 by the Mississippi 
Canyon Block 252 oil spill (MC252) located approximately 42 miles offshore, affecting the local 
fisheries as well as the native flora and fauna (Zengel et al. 2016; Khanna et al. 2013; Guerra et 
al. 2012). The impacted marsh vegetation is predominantly comprised of Spartina alterniflora 
and Avicennia germinans accompanied by other halotolerant species (Perry and Mendelssohn 
2009; Lin et al. 2016). Vegetation came into direct contact with the oil once it made landfall in 
the Barataria Basin accelerating marsh erosion due to plant stress and reducing photosynthetic 
processes (Goovaerts et al. 2016; Hester et al. 2016; Zhu, You, and Zhao 2017). PAHs may 
continue to cycle through marshes as volatilized crude oil from surficial marsh sediments 
sequestering on the plant surface (Kim, Lee, and Kwon 2014; Li and Chen 2014; Bukovac et al. 
1990; Y. Q. Wang et al. 2008). 
The plant leaf’s outermost component, a waxy lipophilic layer known as the cuticle, is 
important for partitioning PAHs initially on the plant surface before further transport within the 
vegetative tissue (Schonherr and Riederer 1986). Cuticular composition varies markedly between 
leaf species and maturity. However, it is common that the cuticle consists of two distinct layers: 
(1) the cuticle proper, comprised of electron dense lamellae and (2) a cuticular layer penetrating 
the primary cell wall (Riederer and Muller 2006). The cuticular membrane is thicker in A. 
germinans than S. alterniflora which possibly affects PAH partitioning capacity (Naskar and 
Palit 2015; Hogarth 2015). Once PAHs reach the cuticle, they have two potential transport 
avenues through the epidermal tissue: (1) apoplastic (through cell walls and intercellular 
material) and (2) symplastic (through cytoplasm) (Zhan et al. 2018; Wild et al. 2006).  
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For PAHs, a group of nonpolar and lipophilic chemicals, partitioning is a thermodynamic 
process of diffusion and hydrophobic interactions. Hydrophobic interactions allow preferential 
transport of these nonpolar PAH molecules through lipophilic material while limiting transport 
of the polar solvent, e.g. the natural seawater. In the case of PAH partitioning through marsh 
vegetation, high concentrations of PAHs in the aqueous solution or in air diffuse into the cuticle 
at temperature-dependent rates and through anatomically suitable hydrophobic pathways such as 
the apoplast or symplast.  PAH partitioning processes in the natural environment are dynamic, 
allowing for both sorption to the cuticle and re-emission of PAHs depending on conditions such 
as ambient air concentrations and temperature (Nizzetto et al. 2014; Desalme, Binet, and 
Chiapusio 2013; Chen et al. 2005). However, previous laboratory experiments (Zea mays in an 
indoor environment at 25 °C) indicate that volatile PAHs exchange with the cuticle at a relatively 
quick rate of 0.2-0.8 um/h (Wild et al. 2004). The first step of this exchange is PAH to cuticle 
adsorption – a general process that holds compounds to a solid surface forming a thin film. The 
cuticle is therefore important as it is integral in the first mechanism of the PAH air contamination 
of vegetation. (Limousin et al. 2007). The PAHs, which readily permeate the cuticle through 
apoplastic and symplastic routes, can progress further within the leaf’s interior and plausibly 
reside for a greater length of time in the mesophyll tissue (Zhan et al. 2018). 
 A study was conducted to further understanding of PAH to cuticle transport and to better 
understand the environmental condition on the leaf suFrface of two species important to coastal 
marshes impacted by MC252 crude oil, Spartina alterniflora (smooth cordgrass) and Avicennia 
germinans (black mangrove). In this study, experiments in the laboratory and field were 
designed and conducted to elucidate the relationship between PAHs and the plant cuticle. The 
overall procedure for this study is to, first, analyze the water extracts of the leaf surface of S. 
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alterniflora and A. germinans to understand the chemical conditions on the leaf surface. In the 
second stage, cuticles of A. germinans and S. alterniflora were spiked in the field with a 13C-
labelled PAH to ascertain a baseline of PAH exchange dynamics. This was accomplished 
through the sampling of PAH concentrations in plant cuticle and tissue through time after 
spiking. Finally, isothermic PAH partitioning experiments were conducted in the laboratory to 
yield insights into cuticle adsorption processes. Overall, the experimental results indicated a 
highly dynamic system in the cuticle of both A. germinans and S. alterniflora. This chapter is 
structured as follows: (3.1) a brief introduction is given with relevant literature; (3.2) methods 
and materials are described in detail; (3.3) results and discussion are explained separately for 
each plant; and (3.4) a conclusion summarizes major findings. 
 Methods and materials 
3.2.1. Leaf Surface Chemistry 
On the phyllosphere or the aerial plant habitat was studied to get an idea of the epiphytic 
bacterial community near the leaf surface. With the increased carbon availability from petrogenic 
hydrocarbons, there is a possibility  change in the ecology of the phyllosphere (Lindow and 
Brandl 2003). The following are methods used for describing the microbial environment on the 
surface of marsh vegetative leaves. A. germinans and S. alterniflora leaves from Port Fourchon, 
LA were collected for analysis of leaf surface chemistry on June 15th and 21st as well as August 
19th, 24th and 25th of 2018. Three leaves per sample were collected for three replicate plants per 
collection day. The leaves were shaken in clean VOA vials with 20 mL of deionized (DI) water 
and then the rinse water was tested for nutrients, metals and other ions. In, particular the rinse 
water was tested for phosphorus, sulfate and ammonia using EPA Methods WP1W, WNH3 and 
LSO4, respectively. The nitrate was measured within 48 hours using a dimethylphenol method 
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(HACH). The rinse water samples were also tested for As, Cd, Co, Cr, Cu, Mn, Ni, Pb, V and Zn 
concentrations using an Inductively Coupled Plasma (ICP) spectrophotometer at LSU. Salinity 
(conductivity) was measured with a Myron L meter. Alkalinity was measured using titration with 
a standard acid (HACH). The leaf areas from A. germinans and S. alterniflora were both 
measured for scale normalization with the software SigmaScan (Sysstat Software, Inc.) by 
scanning followed by software analysis. The section below describes how the cuticle epidermal 
peels were prepared. 
3.2.2. A. germinans and S. alterniflora Plant Cuticle Preparation 
Leaves from A. germinans and S. alterniflora plants were sampled from Port Fourchon, LA 
in a marsh just north of the Caminada Headlands beach (29º 09’ 59.71” N, 90º 05’ 33.91” W). 
The leaf cuticles were separated from the internal mesophyll tissue using a method that separated 
the peel in intact sections (Jain 1976). This method included soaking leaf tissues in a 50:50 
mixture of 30% H2O2 and glacial acetic acid for 12-20 hours between 80 °C and 100 °C. Once 
the leaves turned white showing the completion of epidermal separation, the cuticles were 
carefully peeled back from any remaining leaf tissue for further use (Jain 1976). Leaf cuticle 
weights for varied amounts of A. germinans and S. alterniflora leaves are in Figure 3A.1. The 
section below explains how the cuticles were contaminated. 
3.2.3. PAH Isotherm on Plant Cuticles 
In this study, sorption isotherm experiments were performed on intact plant cuticles with 
PAHs derived from a south Louisiana sweet crude oil water accommodated fraction (WAF). A 
previous method was utilized but modified using wet cuticle peels instead of dried cuticle peels 
(Li and Chen 2014). In accordance with Mitchell and Holdway’s procedure, to create the WAF, a 
ratio of 1:9 or 25 mL of oil and 250 mL of DI water were mixed in a separatory funnel, inverted 
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three times for two minutes each and separated for one to two hours (Mitchell and Holdway 
2000). The WAF was drained off and used within 24 hours. Wet cuticle masses of 50 mg were 
weighed after holding with forceps and allowing free water to be removed by gravity. The WAF 
dilutions and cuticle were prepared in replicates of three in volatile organic analysis (VOA) vials 
following the dilution chart in Table 3A.1. and left for a 72-hour contact time to reach 
equilibrium at the desired isotherm temperatures (10°C, 20°C and 30°C). The section below 
describes the sample solvent collection and GC-MS analysis. 
3.2.4. PAH Analysis 
After a contact period with the WAF, the PAH concentrations remaining in the aqueous 
solutions as well as the PAHs sorbed into the cuticle were quantified by the GC-MS. The 
contaminated cuticle peels were swirled and dissolved in 50 mL of dichloromethane (DCM) or 
just enough to cover the epidermal peel for two minutes. The DCM was exchanged with hexane 
acetone by first concentrating down to 1.5 mL at 30 °C in the RapidVap Vacuum, N2 
Evaporation System Model 7910000 (LABCONCO Corporation, Kansas City, MO), then adding 
50 mL of 50:50 hexane acetone and concentrated down to 1 mL at 70 °C. This represented the 
mass of PAHs partitioned into the cuticle. To process the remaining aqueous solution, 20 mL of 
50:50 hexane acetone was added and set to contact in a tumbler overnight. The samples were 
then separated in a separatory funnel for one hour yielding in 10 mL of hexane sample ready to 
be analyzed. 
PAH analysis on one-milliliter aliquots from the samples were performed on a Hewlett 
Packard 6890N gas chromatograph equipped with a 5973N mass-selective detector (GC-MS). 
The GC-MS technical specifications included one microliter of the sample, DB 5 capillary 
column (30 m x 0.25 mm x 0.25 µm film) and carrier gas (helium) at a rate of 5.7 mL/min. The 
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temperature program settings included an injector at 300°C, a detector at 280°C, and oven 
temperature of 45°C for 3 min then increased at 6°C/min to 315°C and held for 15 min. For each 
set of samples, the quality assurance/quality control included blanks and internal standards for 
each sample and a calibration check sample for each run. Once the GC-MS was run by the 
current PAH method a manual reintegration was completed in Agilent Chemstation for data 
quality control and accuracy. The resulting value in ng/uL was multiplied by 1000 to get ng/mL 
and then multiplied by the reciprocal of the aliquot fraction. For the cuticle values from the GC-
MS, the values were multiplied by 1000 to get ng/mL then divided by the cuticle weight fo0.05 g 
to get ng-PAH/g-cuticle.  
3.2.5. Statistical Analysis 
The PAH concentration in the aqueous solution was plotted as the independent variable with 
the cuticle PAH concentration as the dependent variable. The coefficient of determination or R2 
in Equation 3.1 was implemented in Excel with the Regression function in the Data Analysis 
Tool kit with the constant forced to at zero to evaluate the curve fit per isotherm for the sorption 
of PAHs to the plant cuticle of A. germinans and S. alterniflora. A high R2 suggests the model 
applicability of the cuticle sorption from the PAHs in the WAF. The p-value was determined 
from the two sample equal variance TTEST using the t distribution table and the following 
equations. The smaller the p-value suggests a higher probability that the PAH concentration in 
the cuticle and the aqueous solution is different from zero and is significant. If the p-value is less 
than alpha (0.05) then it qualified as significant in this study.  
Equation 3.1. Coefficient of Determination  
𝑅2 = 1 −
∑ (𝑦𝑖 − ?̂?𝑖)
2
𝑖
∑ (𝑦𝑖 − ?̅?𝑖)2𝑖
 
𝑦𝑖 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 ; 𝑦?̂? = 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑜𝑟 𝑚𝑜𝑑𝑒𝑙𝑒𝑑 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒; 𝑦?̅? = 𝑚𝑒𝑎𝑛 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 
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Equation 3.2. P-value from paired student’s TTEST formula and T distribution table with alpha 





𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟: 𝑠 = √
1
𝑁
∑ (𝑦𝑖 − ?̅?𝑖)2
𝑁
𝑖=1     𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚 = 𝑁 − 1 
?̅? = 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒; 𝜇𝑜 = ℎ𝑦𝑝𝑜𝑡ℎ𝑒𝑠𝑖𝑧𝑒𝑑 𝑣𝑎𝑙𝑢𝑒; 𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 
 The figures from Figure 3.1 to Figure 3.5 are described below and were plotted using the 
SigmaPlot software version 12.5 from Systat Software, Inc. The curve fit linear regressions were 
plotted through the origin were the trend signifies PAH sorption as discussed later. 
3.2.6. Isotopic Dosing Experiment 
Isotopic dosing was used to quantify the rate of PAH movement in the leaf and cuticle. For 
field leaf samples, first an appropriate solvent was selected to minimize cuticle damage. Samples 
of ten leaves from A. germinans and S. alterniflora were swirled for two minutes in about 100 
mL of DCM, isooctane, or methanol in replicates of three. The solvents were concentrated down 
to 10 mL using a RapidVap concentration system and the remaining solvent transferred to a 
scintillation vial to be evaporated to dryness under nitrogen gas. Once dry, the samples were 
weighed after sitting in a desiccator for 15 minutes. The weight represented the amount of cuticle 
tissue that was solubilized by the solvent. After trying different solvents, isooctane was the 
solvent that yielded the least amount of damage to the leaf with the least amount of cuticle 
removed (Figure 3A.1.). 
Isotopically heavy versions (13C) of phenanthrene, chrysene and naphthalene were applied to 
the leaf tissue of A. germinans and S. alterniflora at the field site described above and 
immediately sampled after two and three days later to observe changes in the presence of the 
compounds on the leaf surface over time. The isotopic versions of PAHs were obtained from 
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Cambridge Isotope Laboratories (Tewksbury, MA) as 2-methylnaphthalene (13C-C6, 99%) 100 
ug/mL in nonane; phenanthrene (13C6, 99%) 100 ug/mL in nonane and 5-methylchrysene (Ring-
13C6, 99%) 100 ug/mL in nonane. Each isotope vial was 1.2 mL and was diluted to ten milliliters 
with isooctane prior to field work. Figure 3A.2. shows how the plants were marked in the field.  
A. germinans and S. alterniflora were identified in the field and replicate sets of leaves for 
each collection day were spiked with a micro-syringe to evenly spread 50 uL of the isotope onto 
the adaxial (dorsal) side of three separate leaf surfaces. The volume added is 150 uL with a 
concentration on 12 ng/uL so the total isotope dose is 1800 ng per sample. Leaves were sampled 
after the solvent evaporated, and again after two and three-day incubations. The samples were 
collected in Teflon vials and directly extracted over the course of three days.  
To extract PAHs from the cuticle of the leaf in the field, three sample leaves for each 
replicate were swirled in a jar filled with 50 mL DCM or just full enough to cover the leaves 
(Schonherr and Riederer 1986). In the laboratory the DCM was then exchanged with hexane 
acetone as described above. The relationship between the number of leaves and mass of cuticle 
extracted by DCM is presented in Figure 3A.1. To extract PAHs from the leaf tissue post cuticle 
removal, samples were run using the Dionex ASE 350 accelerated solvent extractor 
(ThermoFisher Scientific, US). Samples from the ASE (~100 mL) were then concentrated 
through evaporation using a RapidVap Vacuum, N2 Evaporation System Model 7910000 
(LABCONCO Corporation, Kansas City, MO) to one milliliter at 70 °C. Finally, samples were 
analyzed using GC-MS as described above, including additional quantification ions 
corresponding to the 13C-labelled PAHs. Previous PAH recovery experiments from this 
extraction method were 76.4% (± 1.8%)  for naphthalene, 82.0% (± 3.9 %) for phenanthrene and 
74.5% (± 2.5%) for chrysene (Mohammad 2015). 
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 Results 
3.3.1. Properties of Leaf Surface Results 
The results for ion concentrations and nutrient levels in A. germinans and S. alterniflora are 
listed in Table 3.1 and Table 3.2 respectively. The nutrient concentration of ammonia and 
phosphate as well as the ion concentrations of boron, barium and iron for both plant leaf species 
in these samples were low, so enzymes that utilize these nutrients and ions would most likely not 
be present in the leaf phyllosphere. However due to the brackish salinity in the rinse water, 
enzymes that prefer some salt would be the most likely present on the leaf surfaces of both S. 
alterniflora and A. germinans (Darlison et al. 2019). In A. germinans and S. alterniflora, small 
amounts of calcium, potassium, magnesium and silicon are present which would benefit the 
microbes that thrive with those minerals present. Small levels of sulfate and nitrate are present 
but large quantities of oxygen are available in the phyllosphere so the facultative aerobes would 
likely chose oxygen as the electron acceptor first (Darlison et al. 2019). Gene sequencing was 











Table 3.1. A. germinans chemistry of the leaf surface 
A. germinans leaf surface ion concentration [mg/L] 
Ion A. germinans 
Boron 0.1 ± 0.03 
Barium 0.01 ± 0.01 
Calcium 3.1 ± 1.77 
Iron 0.01 ± 0 
Potassium 4.47 ± 0.61 
Magnesium 1.59 ± 0.88 
Sodium 26.96 ± 14.95 
Silicon 6.78 ± 0.14 
 
A. germinans leaf surface nutrients 
Nutrient June 2018 August 2018 
Ammonia [mg/L] 0.09 ± 0.06 0.02 ± 0.02 
Phosphate [mg/L] 0.53 ± 1.43 0.23 ± 0.31 
Sulfate [mg/L] 5.59 ± 3.09 12.24 ± 10.69 
Nitrate [mg/L] 1.74 ± 3.63 4.11 ± 5.37 
pH 6.25 ± 0.23 5.71 ± 0.26 
Conductivity [uS/cm] 1748 ± 369.57 950.11 ± 577.48 
 
Table 3.2. S. alterniflora chemistry of the leaf surface 
S. alterniflora leaf surface ion concentration [mg/L] 
Ion S. alterniflora 
Boron 0.1 ± 0.02 
Barium 0.02 ± 0.02 
Calcium  2.61 ± 2.59 
Iron 0.02 ± 0.01 
Potassium 4.13 ± 2.08 
Magnesium 2.06 ± 2.39 
Sodium 30.26 ± 18.05 
Silicon 11.97 ± 2.71 
 
S. alterniflora leaf surface nutrients 
Nutrient June 2018 August 2018 
Ammonia [mg/L] 0.11 ± 0.07 0.01 ± 0.02 
Phosphate [mg/L] 0.37 ± 0.49 0.18 ± 0.27 
Sulfate [mg/L] 3.31 ± 0.84 16.34 ± 13.6 
Nitrate [mg/L] 0.41 ± 0.37 3.63 ± 4.45 
pH 5.22 ± 0.53 5.47 ± 0.29 
Conductivity [uS/cm] 1019 ± 279.89 540.43 ± 271.96 
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3.3.2. A. germinans Isotherm Results  
The results for the sorption of PAHs on A. germinans cuticle are plotted in Figure 3.1. For A. 
germinans, C1-naphthalene in the 10°C isotherm experiment had high R2 values and low p-
values (α = 0.05) shown in Table 3.3. The results in the 20°C isotherm data were not included 
because there were not qualitatively significant, possibly from the increased separation in oil 
droplets in the WAF. The comparison between samples at varying temperature is only possible 
between C1-naphthalene due to the quality of data. For C1-naphthalene, the R2 is similar in 10°C 
and 30°C, 0.85 and 0.83 respectively, with a higher p-value in 10°C than 30°C. The slopes of the 
fitted curve were used to compare the rate of PAH sorption to the plant leaf cuticle. The slope for 
C1-naphthalene is steeper in the 10°C isotherm than the 30°C isotherm, 14.5 and 12.4 
respectively. The hypothesis was that there would be a steeper slope in the higher temperature 
and these results are not conclusive with this hypothesis. More studies need to be conducted to 









Figure 3.1. A. germinans: naphthalene family derivatives for 10°C isotherm and 30°C isotherm. 
 
Table 3.3. A. germinans cuticle-WAF isotherm slopes 
  10 ºC    30 ºC  
Compound Slope R2 P-value  Slope R2 P-value 
C1-naphthalene 14.5 0.85 6.9x10-6  12.4 0.83 1.39x10-5 
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3.3.3. S. alterniflora Isotherm Results 
The plots in Figure 3.2 and Figure 3.3 display the PAH sorption concentrations in S. 
alterniflora cuticle at 10°C and 30°C. The S. alterniflora isotherm data in Table 3.4 suggest that 
the data is congruent to the expected results. In particular, C1-naphthalene and C1-phenanthrene 
have R2 values equal to or greater than 0.70 in the 10°C and 30°C, which suggest that the data is 
a good fit for modeled prediction. In addition to the higher R2 values, the sorption slopes for C1-
naphthalene, C2-naphthalene and C1-phenanthrene were steeper in the 10°C isotherm than the 
30°C isotherms adhering the hypothesis that the partitioning coefficient would be higher at lower 
temperatures. The other PAH congeners (i.e. C4-naphthalene, C4-phenanthrene, etc.) were not 
presented in this thesis because of low detection or insignificant correlation. 
 





Figure 3.3. S. alterniflora: C1-phenanthrene family derivatives for the 10 °C isotherm and 30 °C 
isotherm. 
 
Table 3.4. S. alterniflora cuticle WAF isotherm slopes  
  10 ºC    30 ºC  
Compound Slope R2 P-value  Slope R2 p-value 
C1-naphthalene 14.5  0.97 7.96x10-10  12.4  0.87 1.54x10-6 
C1-phenanthrene 90.9 0.70 3.78x10-4  63.03 0.77 8.15x10-5 
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3.3.4. Field Results 
A. germinans and S. alterniflora leaf samples were spiked in Port Fourchon, LA with 150 uL 
of 12 ug/mL PAH 13C isotopes and tested over the course of three days. The hypothesis is that 
the PAH concentrations would decrease over time. The results in A. germinans are congruent for 
phenanthrene and chrysene but for naphthalene, there seems to be an increase over time. The 
amount of naphthalene detected is very low suggesting that it is highly dynamic in the cuticle. 
The results in S. alterniflora for phenanthrene decreased over time, congruent with the 
hypothesized results. The concentrations of naphthalene and chrysene in S. alterniflora increased 
over time but are both of lower magnitude than the phenanthrene. S. alterniflora has a very thin 
porous cuticle and allows nutrients like phosphorus and nitrate. It is likely that this leaf surface is 
also a dynamic environment for PAHs that would explain the wide range of results for 
naphthalene and chrysene. The control samples were non-spiked leaves collected simultaneously 











c.   
Figure 3.4. A. germinans field results from PAH spiking (August 22nd – 25th, 2018) in Port 









Figure 3.5. S. alterniflora field results from PAH spiking (August 22nd – 25th, 2018) in Port 
Fourchon, LA (a) naphthalene13C (b) phenanthrene13C (c) chrysene13C  
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 Conclusion 
In the field isotope study, the naphthalene isotope had a low concentration for each day 
suggesting that naphthalene was too volatile to stay in the leaf cuticle or tissue. The 
phenanthrene isotope followed our hypothesis with an initial spike followed by a decrease in 
mass. The chrysene isotope followed a similar trend as phenanthrene in A. germinans and 
naphthalene in S. alterniflora. Phenanthrene had more consistent results in the isotope spiking 
study for both A. germinans and S. alterniflora.  The cuticle was found to be a highly dynamic 
transitional surface for direct PAH contamination. The results from S. alterniflora show more 
variation than A. germinans likely because the thinner leaf cuticle increases PAH mobility in and 
out of the leaf. The magnitudes of PAH concentrations are similar in the natural environment 
within the field study as the concentrations in the lab isotherm study. Even though the results 
were better for A. germinans in the field, S. alterniflora had better results in the isotherm study. 
The plausible reason for the variable data in A. germinans is the difficulty in WAF precision. It is 
the nature of oil to continue to precipitate out of solution. To avoid WAF error, a best retention 
time must be perfected for future experiments.  
We hypothesized that the PAH concentrations would decrease over time. The isotope field 
study results aligned with this hypothesis however, the cuticle is highly dynamic and PAHs come 
and go based on the natural environment. However, to understand why PAHs increased over 
time, more samples would need to be collected. A. germinans and S. alterniflora have a high 
tolerance for salt therefore it was hypothesized that the plants would also have a high tolerance 
for toxins such as the ability to degrade PAHs. The plants survived the isotope spiking study but 
more studies would be needed to describe plant tolerance for direct contamination of PAHs and 
additional PAH testing on marsh plant leaves would be beneficial for degradation studies. 
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 Recommendations 
In the Edward Wild 2006 paper, phenanthrene was not found in the roots or stems of the 
maize and spinach plants of the laboratory experiment so this study will not focus on those parts 
of the plant structure. However, the Wild study results can be used for a future study (Wild et al. 
2006). It is important to take into account the timeframe and seasonality when running 
experiments in the field. The first spiking trial started in the winter and two hard freezes killed 
back the A. germinans of the study (Madrid, Armitage, and López-Portillo 2014; Osland et al. 
2015; Scheffel, Heck, and Johnson 2018, 2018). 
To understand the photo degradation of PAHs from the sunlight, some “dark” experiments 
would be of interest. It was difficult to peel apart and keep the adaxial side of S. alterniflora; a 
different methodology for studying the cuticle would be great for a future study. The integrity of 
the cuticular layer significantly affects the sorption capacity so it was key to find a method that 
did not homogenize or disintegrate but keep the cuticular layers intact (Kim, Lee, and Kwon 
2014; Kömp and McLachlan 1997). The variation in data in the isotherm data could be due to oil 
droplets coming out of solution more in the A. germinans of 20 ºC isotherms. 
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Chapter 4. Thesis Conclusion 
When the Deepwater Horizon oil spill made landfall, the initial destruction was certain but 
the long-term effects were unclear. The goal of this thesis was to understand the response and 
remediation required for oil spill events in the future. PAHs can travel via an air route exposing 
the vegetative surface at distances, which may be relevant to exposures in Barataria Basin, LA. 
The cuticle on plant leaves is the first layer and interface between the air and leaf tissue. The 
purpose of this thesis was to visualize PAHs on the leaves of two important coastal Louisiana 
plants, Avicennia germinans and Spartina alterniflora, and to understand the interactions of 
PAHs with the leaf cuticle by combining technologies of visual and chemical detection.  
We wanted to understand how PAHs from crude oil interact with the vegetation so the first 
question was how do PAHs get on the leaf and where do they travel within the leaf. The way that 
PAHs sorb to leaves depends on the volatility of the PAH and the lipophilic composition of the 
leaf cuticle and tissue. Using two-photon laser confocal microscopy, phenanthrene can fluoresce 
at around 375 nm creating an image for further analysis. Using z-stack images, we were able to 
follow the path of phenanthrene as it traveled through the leaves. In A. germinans, we found that 
phenanthrene followed an apoplastic route meaning that phenanthrene did not pass through the 
plant cellular membrane but moved through the apoplasm only. In S. alterniflora, we found that 
phenanthrene follows a symplastic route. We could then calculate the volume of the apoplasm in 
A. germinans to extrapolate to a larger area of marsh. The results for apoplastic transport from 
section 2.2.2 for A. germinans were extrapolated to find the plausible concentrations of 0.75-1.5 
ug PAH/cm2 of marsh surface area (equivalent to 75-150 grams of PAHs per hectare) when 
using an LAI of 3.74  0.24 m2 of leaf area per m2 of marsh surface area. The results for S. 
alterniflora was also extrapolated using an LAI of 2.62 m2- S. alterniflora leaf /m2-marsh. The 
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concentrations in S. alterniflora would be 1.57 ug PAH/cm2 of marsh surface area or 157 grams 
of PAHs per hectare. 
Phenanthrene fluorescence gathered around surface structures such as salt glands though the 
reason is unknown. The concentrations of phenanthrene from samples measured simultaneously 
with imaging samples had a good correlation with the Mean Grey Value in the fluorescence 
imagery suggesting that the data could be modeled for predictive oil remediation measures. For 
S. alterniflora, the same method of measuring edge and mid-vein was used and the results did 
not show a good correlation. A different method for S. alterniflora for future studies such as the 
difference between the top of the ridge versus in the dip in the valley of the leaf surface anatomy 
would be useful for finding a significance in phenanthrene distribution. The geochemical sample 
results displayed high salinity and water hardness suggesting that a halotolerant microbial 
community would be present on the leaf surfaces of A. germinans and S. alterniflora. 
An in situ study was completed using 13C-labelled PAH isotopes in Port Fourchon, LA to 
study the reversible equilibrium of PAHs on wetland vegetation. We hypothesized that the PAHs 
would volatilize off the leaf and decrease in concentration over time. All compounds showed 
highly dynamic behavior on the leaf surface with an average of 0.64, 7.15 and 24.34% for A. 
germinans and 0.42, 22.90, and 0.39% for S. alterniflora remaining on the leaf surface on day 
zero of naphthalene, phenanthrene and chrysene respectively.  The large percentage of missing 
isotopic PAH demonstrated the dynamic release and partitioning of these PAH compounds on 
the leaf surface. The later appearance of the measurable amounts of labelled PAHs on “control” 
leaves on adjacent trees is further evidence of this dynamic behavior, Figure 3A.4 and Figure 
3A.5. 
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Once the PAHs make contact with the leaves, how long they would remain in the cuticle and 
at what concentration do the PAHs readily sorb to the cuticle? To answer this question led to an 
isotherm study including three different temperatures, 10°C, 20°C and 30°C, with A. germinans 
and S. alterniflora cuticles and in contact with a WAF. The main PAH congeners with the best 
results were of the naphthalene and phenanthrene family. The hypothesis was that the lower 
temperatures would have higher partition coefficient (steeper slope) due to the Gibbs free energy 
increasing with temperature. In our results, the hypothesis was supported by the 10°C and 30°C 
isotherms for C1-naphthalene and C1-phenanthrene and by the 10°C and 20°C for C2-
naphthalene in S. alterniflora. The hypothesis was also supported by the 10°C and 30°C for C1-
naphthalene in A. germinans. The S. alterniflora samples yielded better results because of a 
stable WAF. Now that we understand how PAHs partition on to these wetland species we can 
estimate the damage from oil spill events in the future. 
We achieved answering our research question with the results from this thesis but it was not 
without its setbacks. For imaging with two-photon laser microscopy, phenanthrene fluorescence 
worked well but future collection of times series contamination data could be fine-tuned to 
prevent photo bleaching. A second note would be to analyze the ridge versus valley on the 
surface of S. alterniflora instead of edge versus mid-vein. For the isotope contamination 
experiment in the field, additional samples might shed light on the reasons for the increase of 
some of the PAHs over time or looking into the background PAHs that were present. For the 
isotherm experiment, making sure that the WAF is stable prior to use in the study would be 
beneficial for quality results. In creating the epidermal peels, it was difficult to remove all traces 
of mesophyll tissue however it was likely minor for the impact of the cuticle sorption. 
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Understanding where and how PAHs sorb to the leaves of A. germinans and S. alterniflora is 
paramount in aiding the coastal marsh towards recovery from oil spills. It is beneficial to be able 
to have data that can be used to model the possible concentrations of PAHs. Two-photon laser 
confocal microscopy is a great tool to discover the distribution of phenanthrene in plants; there 
are many applications that it can be utilized for in the future oil spill studies. The isotherm 
partitioning coefficients are important to understand how PAHs interact in the natural 
environment as the global climate changes and sea levels rise. At higher temperatures PAHs 
volatilize from the cuticle more so they will likely travel further.  
Future research to continue with the results discovered in this research will be to study the 
enzymes present in the apoplasm of S. alterniflora for the application of crude oil 
biodegradation. It is also important to dive into the change in sorption rates and PAH vegetation 
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Appendix. Supplementary Information 
 
Figure 1A.1. Cross-section of a leaf (Wild et al. 2006) 
 
 
Figure 1A. 2. Shoreline Cleanup Assessment Technique (SCAT) maximum oiling of Houma 
September 30, 2014. The site for this study marked by red pin. 
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Figure 1A.3. Port Fourchon plant collection site (latitude/longitude: 29.166 / -90.093) 
 
 




Figure 2A.2. Preliminary Results: Each panel covers the same aerial extent on the adaxial side of 
an A. germinans leaf. (Left) Confocal microscopy of the tissue with grey values converted to red 
for visualization. (Middle) 2-photon confocal microscopy of the phenanthrene fluorescing at 375 
nm with the grey values converted to green for visualization. (Right) Composite of the left and 
middle panel to show the distribution of the phenanthrene on the leaf tissue. 
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Table 2A.1. List of PAHs in the method used in the Gas chromatography analysis. 
a. Naphthalenes 
PAH MW (g) Retention Time (m) 
Naphthalene-d8 136 14.71 
Naphthalene 128 13.88 
C1-Naphthalenes 142 17.43 
C2-Naphthalenes 156 19.41 
C3-Naphthalenes 170 22.41 
C4-Naphthalenes 184 25.15 
b. Phenanthrenes 
PAH MW (g) Retention Time (m) 
Phenanthrene-d10 188 27.19 
Fluorene 166 23.58 
Phenanthrene 178 27.23 
Anthracene 178 27.26 
C1-Fluorene 180 25.86 
Dibenzothiophene 184 26.77 
C1-Phenanthrenes 192 29.77 
C2-Fluorenes 194 27.79 
C1-Dibenzothiophenes 198 28.5 
Fluoranthene 202 31.39 
Pyrene 202 32.71 
C2-Phenanthrenes 206 31.39 
C3-Fluorenes 208 29.72 
C2-Dibenzothiophenes 212 30.88 
C3-Phenanthrenes 220 33.22 
C4-Phenanthrenes 234 36.52 
C3-Dibenzothiophenes 226 32.25 
c. Chrysenes 
PAH MW (g) Retention Time (m) 
Chrysene-d12 240 37.55 
Chrysene 228 37.61 
C1-Chrysenes 242 39.11 
C2-Chrysenes 265 40.48 
C3-Chrysenes 270 42.35 
Hopanes 191 44.49 
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Table 2A.2. Two-Photon Confocal Laser and Detector Settings (a) Dimensions, (b) Scanner 
Setting Details and (c) Hardware settings 
 
b) Scanner Setting Details                      c) Hardware Settings                            . 
System Type TCS SP5    MP Gain 75.22   % 
RoiScan 0    MP Offset 63.00   % 
Is 3D limited ROI scan 
enable 
0   
 
EOM (700) 1 
Is Sequential 0    PMT NDD1 Active 
StepSize Constant 1    PMT NDD1 (Offs.) 0.0   % 
MP Shutter 1    PMT NDD1 (HV) 800.0   
UV Shutter 0    PMT NDD1 (HV_Unit) V 
Visible Shutter 0    PMT NDD1 (Preamp) Direct 
Scan Mode xyz    PMT NDD2 Active 
Pinhole [m] 600.0   µm  PMT NDD2 (Offs.) 0.0   % 
Pinhole [airy] 10.74    PMT NDD2 (HV) 800.0   
Size-Width 172.9   µm  PMT NDD2 (HV_Unit) V 
Size-Height 172.9   µm  PMT NDD2 (Preamp) Direct 
Size-Depth 0.0    PMT Trans Inactive 
StepSize 0.00   µm  System Number 5100000902 
Voxel-Width 338.4   nm  Laser (405 Diode, UV) On 
Voxel-Height 338.4   nm  Laser (Argon, vis) On 
Voxel-Depth 0.0   nm 
 
Laser (Argon, vis) 
(Power) 
20% 
Voxel-Volume 0   nm³  Laser (DPSS 561, visible) On 
z-Wide Pos 0.0047017438   m  Laser (HeNe 594, visible) On 
Zoom 3.6    Laser (HeNe 633, visible) On 
Scan-Direction 1    Laser (MP, MP) On 
Y-Scan-Direction 1    Laser (MP, MP) (Power) 1.22W (700nm) % 
Frame-Average 1    Scan Field Rotation 0    
Line-Average 4    Z Scan Actuator (POS) 0.000   µm 
Resolution 8   bits  Scan Speed 400   Hz 
Channels 2    Objective HCX IRAPO L 25.0x0.95 water 
Format-Width 512   pixels  Numerical aperture (Obj.) 0.95 
Format-Height 512   pixels  Refraction index 1.33 
Line-Accumulation 1    DMI6000 Stage Pos x 0.049920477 






Dimension  Logical Size Physical Length (µm) Physical Origin (µm) 
X  512 172.94 -11.76 
Y  512 172.94 -113.53 
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a)  b)  
Figure 3A.1. Cuticle weights for increasing amounts of leaves using DCM as the cuticle solvent. 
a) Black mangrove (A. germinans). b) Cord grass (S. alterniflora). 
 












Figure 3A.3. (a) Wind speed, (b) Atmospheric Temperature and (c) Pressure for Field work 






Figure 3A.4. A. germinans non-spiked control samples collected simultaneously with the isotope 
spiked samples (August 22nd – 25th, 2018) in Port Fourchon, LA (a) naphthalene13C (b) 






Figure 3A.5. S. alterniflora non-spiked control samples collected simultaneously with the isotope 
spiked samples (August 22nd – 25th, 2018) in Port Fourchon, LA (a) naphthalene13C (b) 




Figure 3A.6. Day Zero of PAH amount on leaves in a greenhouse. (a) Avicennia germinans and 
(b) Spartina alterniflora. 
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Table 3A.1. WAF PAH Isotherm Dilution chart for A. germinans, S. alterniflora and Control 
(w/o cuticle) in replicates of three. 
Dilution # WAF (mL) DI water (mL) Wet Cuticle Wax (mg) 
1 10 20 50 
2 20 10 50 
3 25 5 50 
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